The microwave rotational spectra of the J Å 1 R 0 and 2 R 1 transitions of six isotopic species of the singlet carbene butatrienylidene (H 2 CCCC, H 2 13 CCCC, H 2 C 13 CCC, H 2 CC 13 CC, H 2 CCC 13 C, and D 2 CCCC) were measured with a Fourier-transform microwave spectrometer and the r 0 and r s structures were determined. Both structures are consistent with a cumulenic carbon-chain backbone. Our empirical structure is r s (HC (1) ) Å 1.079 { 0.002 Å , r s (C (1) C (2) ) Å 1.306 { 0.004 Å , r s (C (2) C (3) ) Å 1.294 { 0.004 Å , r s (C (3) C (4) ) Å 1.278 { 0.004 Å , and Є s HC (1) H Å 119.4 { 0.4Њ. Except for the CC bond closest to the carbene carbon, r s (C (3) C (4) ), an equilibrium geometry determined in a high-level ab initio calculation (M. Oswald and P. Botschwina, J. Mol. Spectrosc. 169, 181 (1995)) is in very good agreement with the experimental structure. ᭧
I. INTRODUCTION
a standard supersonic nozzle pass through a small electric discharge in the nozzle throat and into a high-Q FabryButatrienylidene (H 2 CCCC; Fig. 1 ) -2 eV higher in en-Perot microwave cavity. A saturating pulse of microwave ergy (1) than diacetylene (HC 4 H) -is the third member of radiation, timed to coincide with the passage of the gas the cumulene carbene series (H 2 C n ) observed in the labora-pulse, is introduced into the cavity, producing a macroscopic tory. The first member in the series, vinylidene (H 2 CC) -polarization when a molecular transition lies within the apan isomer of acetylene-was studied via negative ion photo-proximately 1 MHz bandwidth of the cavity. The resulting electron spectroscopy of the corresponding anion by Ervin free induction decay (FID) is digitized and Fourier transet al. (2) ; pure rotational transitions of H 2 CCC (Ref. (3) ) formed to obtain the frequency profile (i.e., the square root and H 2 CCCC (Ref. (4) ) in their singlet electronic ground of the power spectrum). In the experiments described here, states were observed at millimeter wavelengths in a low-the supersonic molecular beam was oriented perpendicular pressure discharge through acetylene and were subsequently to the Fabry-Perot axis, resulting in linewidths of approxiobserved in the molecular envelope of the carbon-rich star mately 25 kHz (full width at half intensity). IRC / 10216 (Refs. (5, 6) ) and the cold dark cloud TMC-1 Several nozzle geometries were explored; that which gave (Refs. (5, 7) ).
the best results is the same as that used in a recent investigaThe ground state spectrum and structure of H 2 CCC are tion of the CCCCH radical (10) . The H 2 CCCC was pronow well studied (8) , but much less is known about duced in a pulsed dc discharge (1000 V) through either H 2 CCCC. Owing to its possible importance as a chemical acetylene or diacetylene (HC 4 H) and argon, with about 25% intermediate in acetylene chemistry, we undertook an experi-stronger signals observed in the diacetylene/argon dismental investigation of the rotational spectra of its carbon-charge; the optimum gas conditions (a mixture of 0.25% 13 and deuterium isotopic species. This study, in conjunction acetylene and 0.25% diacetylene in 99.5% argon) resulted with theoretical calculations, yields important spectroscopic in a factor of 2 increase in signal intensity relative to the information which should aid the future observations of ex-acetylene/argon discharge. The FTM spectrum of D 2 CCCC cited vibrational and electronic states needed to understand was observed in a discharge through DCCD in Ar. acetylenic chemistry better.
Diacetylene was prepared by the standard method of Armitage et al. ( 11 ) , with slight modifications suggested by Brandsma ( 12 ) . Owing to the risk of explosion, only II. EXPERIMENT a small quantity of diacetylene was synthesized and it was immediately diluted with argon to a concentration of about Rotational spectra of the isotopic species of H 2 CCCC were measured with a pulsed-jet Fourier transform microwave 10% for safe handling. The carbon-13 isotopomers of H 2 CCCC were observed in a discharge through normal (FTM) spectrometer (9) . Briefly, gas pulses produced by diacetylene and a statistical mixture of HCCH, H 13 CCH, and H 13 C 13 CH which was produced by the hydrolysis of Li 2 C 2 . The 13 C enriched Li 2 C 2 was prepared at the NIH Stable Isotope Resource, Los Alamos National Laboratory. The lines of the four 13 C isotopic species were comparable in strength and about 20 times weaker than the normal species ( see Fig. 2 for a sample spectrum) . The implication is that insertion of the 13 C occurs more or less randomly in the discharge.
Following the initial detection of the normal species ( 4 ) , the millimeter-wave absorption spectrum of D 2 CCCC was observed in a dc discharge ( 0.5 A ) through DCCD and He ( molar fraction 60:1 ) at a temperature of 160 K and total pressure of 30 mTorr. Typical integration times in the millimeter-wave measurements were 15 s /MHz. The millimeter-wave rotational lines of the carbon-13 isotopomers were not detected in a 13 CO / C 2 H 2 / He discharge; however, recent measurements of CCCCH ( Ref. ( 13 ) ) have revealed that lines of the carbon-13 species are about four times stronger in a discharge through carbon-13 en- In addition, approximately 500 times less sample is con-cavity. The linewidth of the individual peaks (full width at half intensity) is sumed in the FTM than in the millimeter-wave experi-Ç25 kHz. ments. 
is consistent with prior investigations of H 2 CCC (Refs. (3, 8) ) and H 2 CCCC (Ref. (4)). Three spectroscopic constants (B, C, and D JK ; Table 3 ) were least-squares fit to the four transitions of the six isotopic species measured in the FTM experiment (see Table 1 ). For the carbon-13 species, the fourth-order distortion constant D J and the A rotational constant were constrained to those of the normal species (4), because D J is approximately 250 times smaller than D JK and A is essentially the same in the normal and carbon-13 species of structurally similar H 2 CCC (Ref. (8) ). The rms of the fits were comparable to the measurement uncertainties (5-10 kHz). For D 2 CCCC, the same set of rotational and centrifugal distortion constants, previously determined for the normal species, were determined (Table 4) in a fit to the combined microwave (Table  1) and millimeter-wave (Table 2 ) data.
IV. DETERMINATION OF H 2 CCCC STRUCTURE
Ideally, one would like to determine an equilibrium (r e ) structure from the measured ground state rotational constants; to do that, however, the effects of zero-point vibrational motion, i.e., the vibration-rotation coupling constants (a i ), are required. While calculation of a i ab initio is now feasible for linear molecules with four heavy atoms (see Ref. (17) and references therein), the vibration-rotation coupling constants have not yet been reported for H 2 CCCC. Consequently, two methods were used to derive the geometry from the ground state rotational constants.
Equations for the moments of inertia (18) were least-(r 0 ) structure. This method, however, does not correct for differing vibrational amplitudes of the various isotopic spesquares fit to the observed moments of the normal and isotopically substituted species (Table 5) , yielding a zero-point cies, resulting in fairly large uncertainties in bond lengths and bond angles, especially those involving light atoms such Uncertainties in the r 0 and r s structures of H 2 CCCC ( Taas H. Furthermore, the derived structure depends on the ble 6 ) were estimated by referring to H 2 CCC ( Ref. ( 8 )) particular set of isotopic species chosen (i.e., the r 0 structure and H 2 CCO ( Ref. ( 20 ) ) -two molecules with similar geis not unique).
ometry whose r e structures were derived from experimental In the second method, the coordinates of each atom were rotational constants and vibration -rotation coupling condetermined from moment of inertia differences, resulting in stants calculated ab initio. For both H 2 CCC and H 2 CCO, partial cancellation of zero-point vibrational effects (19). the r s structure closely matches that of the r e structure ( all Thus, by measuring the spectrum of each singly substituted bonds to within 0.004 Å and the HCH angle to 0.3Њ ) . Thereisotopic species (doubly substituted in the case of deuterium fore, by analogy with propadienylidene and ketene, the at equivalent positions), the substitution (r s ) structure was uncertainties in bond lengths and angle for H 2 CCCC should determined. There is, however, still some uncertainly in lo-be similar. cating the position of the hydrogen atoms owing to their large amplitude vibrational motion.
V. DISCUSSION
Except for the C-C bond closest to the carbene carbon ,   TABLE 4 which is about 0.01 Å too short, the equilibrium geometry Spectroscopic Constants of D 2 CCCC (in MHz) determined in a high-level (coupled cluster theory) calculation (1) is in very good agreement with the experimental (r s ) structure (see Table 6 ). As shown in Fig. 3 , there is an unoccupied p-type orbital perpendicular to the molecular plane in H 2 CCC. Owing to the interaction of the p electrons with the empty molecular orbital, vibrational motion in this coordinate (n 6 : the CCC out-of-plane bend) is predicted to be ''soft.'' An ab initio calculation of the force constant (F 66 ), vibrational frequency (n 6 ), and vibration-rotation coupling constant confirmed that there are large uncertainties for properties related to this mode (8) . Similar effects may be present in H 2 CCCC, however, the unoccupied orbital is now in the plane of the molecule (see Fig. 3 ) and the vibrational coordinate is the C (2) C (3) C (4) in-plane bend.
Following our measurements, Botschwina reported largescale ab initio calculations of the out-of-plane bending potentials in H 2 CCC and H 2 CCCC (Ref. (21)); he finds that the CCC out-of-plane bending potential is considerably steeper in H 2 CCCC than in H 2 CCC. The C (2) C (3) C (4) inplane bending potential of H 2 CCCC has not yet been calcu- lated; if this coordinate is shallow, it might possibly account glet, electronic ground states. Even if the carbon-chain backbones are bent, this should not prevent identification of these for the apparent shortening of the terminal C-C bond in H 2 CCCC.
near-prolate molecules at microwave or millimeter wavelengths. If, on the other hand, H 2 C 5 , H 2 C 6 ,rrr have triplet FTM spectroscopy of supersonic molecular beams may provide the means for obtaining fundamental spectroscopic electronic ground states, the dipole moments would be nearly ten times smaller and each rotational transition would be and structural information of longer members in the cumulene carbene series. Attempts to detect the next members split by the spin-spin interaction into three resolved components; a mixed blessing with respect to identification. In in the series (H 2 CCCCC and H 2 CCCCCC) at millimeter wavelengths have so far proven unsuccessful, leading to FTM spectroscopy, however, the FID (see Sect. II) is proportional to the first power (rather than the square) of the speculation as to whether the carbon-chain backbones of longer members in the cumulene carbene series are linear dipole moment and reactive species with small dipole moments such as CCN have been observed (22). and whether H 2 C 5 , H 2 C 6 ,rrr have triplet, rather than sin- 
